Asbestos and other mineral fibers are carcinogenic to humans and animals but differ from many carcinogens in that they do not induce gene mutations. An understanding of these interesting human carcinogens, therefore, is an important problem in cancer research. Asbestos and other fibers induce predominately two types of cancers: mesotheliomas and bronchogenic carcinomas. Fiber size is an important factor in the carcinogenic activity of these substances as has been shown for mesothelioma induction. For bronchogenic carcinomas, but not for mesotheliomas, a synergistic effect of asbestos exposure and cigarette smoke has been observed in humans. The mechanisms by which fibers alone versus fibers in concert with other carcinogens induce cancers are probably distinct. In addition to fiber dimensions, fiber durability and surface properties of fibers are important properties affecting carcinogenicity. Evidence exists that asbestos is a complete carcinogen, an initiator and a promoter. Multiple mechanisms must be operative to explain the diverse effects of mineral fibers. Although asbestos is inactive as a gene mutagen, there is now clear evidence that it induces chromosomal mutations (aneuploidy and aberrations) in a wide variety of mammalian cells including mesothelial cells. Asbestos also induces transformation of cells in culture including mesothelial cells and fibroblasts. A mechanism for cell transformation, which is dependent on fiber dimension, has been proposed. The fibers are phagocytized by the cells and accumulate in the perinuclear region of the cells. When the cell undergoes mitosis, the physical presence of the fibers interferes with chromosome segregation and results in anaphase abnormalities. The transformed cells show aneuploidy and other chromosome abnormalities. These findings provide a mechanism at the chromosomal level by which asbestos and other mineral fibers might induce cell transformation and cancer. Identification of the critical target genes in asbestos carcinogenicity is required to understand this process, and recent progress in this area has been made. Results from several lines of investigation suggest that two distinct classes of genes, protooncogenes and tumor suppressor genes, are involved in the neoplastic process. In human mesothelioma, deletion of the short arm of chromosome 3 has been observed, which may result in the loss of a tumor suppressor gene on this chromosome. Recent results from our laboratory have also shown that an activated transforming oncogene exists in human mesotheliomas. Further molecular analysis of these cancers may help in understanding these neoplasms and the mechanisms of asbestos and other carcinogenic fibers.
Introduction
Asbestos and other mineral fibers are unusual and interesting carcinogens. They are ubiquitous environmental substances that are clearly carcinogenic to humans and to animals (1,2); but unlike most carcinogens, asbestos fibers are not electrophilic or DNA damaging (3) (4) (5) . The mechanisms of action of this important class of carcinogens are little understood, although some of the important factors that contribute to the carcinogenicity of asbestos are known (Thble 1).
Asbestos and other mineral fibers are known to induce predominantly two types of cancers in humans and animals: mesotheliomas and bronchogenic carcinomas (1, 2) . Stanton et al. (6, 7) established that induction of mesotheliomas in animals depends strongly on fiber size.
They showed that long (> 4 .ipm) and thin (< 0.25 1im diameter) fibers were much more carcinogenic than short and thick fibers. It is not clear whether the same fiber size dependence exists for the induction of bronchogenic carcinomas. A major factor in asbestos carcinogenicity of the lung is the synergism between asbestos and cigarette (8, 9) . Asbestos is a complete carcinogen in the lung, but a multiplicative effect on lung cancers in humans is observed with cigarette smoke and asbestos exposure (1, (8) (9) (10) . Tb understand the action of asbestos in the lung, it is therefore important to elucidate how asbestos works alone as well as synergistically with cigarette smoking. Multiple mechanisms of action may be operative. The synergism observed with asbestos and cigarette smoking for lung cancers is not observed for mesotheliomas (9, 11) . Therefore, for different target cells and even the same target cells under different conditions, the mechanisms of action of asbestos may vary.
Several intrinsic properties of different asbestos and other mineral fibers may affect their carcinogenicity (Table 2). The importance of fiber dimensions has already been mentioned. Fiber durability also appears to be important (2, 3) . Some fibers are readily dissolved in vivo and therefore have a reduced biological activity (3, 12) . In addition to the physical state of the fibers, the physicochemical surface properties of the same fibers may be quite important (2, 3, 13, 14) . An interesting example is erionite, a zeolite mineral, which is a very potent inducer of mesotheliomas in humans and animals (15) (16) (17) (18) . The Stanton hypothesis of fiber dimension is operative for erionite fibers, i.e., short fibers are relatively inactive, but long fibers are far more potent than other fibers of comparable size (16) . Therefore, additional properties of this mineral fiber must be important. Other types of fibers also exhibit activity that is fiber-size dependent but cannot be explained strictly on the basis of size. The generation of oxygen free radicals at the surface of certain fibers may offer an explanation for the importance of surface properties (19, 20) .
Asbestos and Multistage Carcinogenesis
One way to investigate the mechanism of tumor induction by asbestos and other mineral fibers is to determine the stage or stages in the multistep process of neoplastic development at which the fibers operate. A review of our understanding of asbestos in multistage carcinogenesis reveals that asbestos must have multiple mechanisms of action.
Evidence exists that asbestos is a complete carcinogen, an initiator and a promoter. The data implicating asbestos as a complete carcinogen and as an initiator are summarized in Table 3 . Asbestos alone appears from epidemiological studies to be a complete carcinogen in humans, inducing mesotheliomas and lung cancers (1, 2) . In animals, asbestos is clearly a complete carcinogen, inducing the same types of tumors observed in humans (1, 10) . Epidemiological studies have shown that the incidence of mesotheliomas in exposed populations is independent of (2) . However, other explanations are possible for this effect: a) asbestos acts as an initiator and cigarette smoke as a promoter; b) asbestos acts as a tumor progressor for lung cancer rather than as a classical tumor promoter; or c) asbestos and the carcinogens in cigarette smoke act as cocarcinogens.
A cocarcinogenic effect of asbestos and polycyclic aromatic hydrocarbons has been demonstrated in animals (1, 2) . A promotionlike effect of asbestos has been demon- (37) . However, in this system asbestos also has a complete carcinogenic activity. Asbestos induces changes in target tissues and in some cells in culture similar to those observed with phorbol ester tumor promotors (19, 20, 38, 39 Further elucidation of the mechanism of action of mineral fibers, therefore, requires model systems in which a specific action can be studied. Several systems exist to study the cellular effects of asbestos (40) . These have been used to study the action of asbestos as a possible tumor promoter and as an inducer of cell transformation.
Mechanisms of Asbestos-induced Cell Transformation
Because asbestos and other mineral dusts were known to have toxic and chromosome damaging effects on cells in culture (40) , several investigators were interested in whether these substances could induce cell transformation. Although asbestos is inactive as a gene mutagen in mammalian cells (3) (4) (5) , it is able to induce heritable alterations in the growth properties of normal cells in culture resulting in neoplastic transformation of the treated cells (3) (4) (5) . Thomas (32) . However, asbestos failed to induce gene mutations at two specific genetic loci in these cells (Table 5) . Oshimutra et al. (23) showed that the mineral fibers were active in inducing both numerical and structural chromosomal aberrations (Table 6 ). bCorrected for relative survival measured after mutant expression period. These data were reproduced from Oshimura et al. (23) with permission. Similar to the induction of mesotheliomas in vivo, cell transformation by mineral fibers was dependent on fiber size (Fig. 3) . Transforming activity of the fibers was lost when the fibers were shortened to < 1 mm in length. Mill- ing decreased the fiber length from 16.0 + 1.7 ,m before milling to 0.95 + 0.12 pm after milling (32) . The average diameter of the fibers (r-0.18 ,um) was unchanged by milling. This figure shows that milling completely eliminated the transforming ability of glass fibers, suggesting that fiber length is important in the induction of transformation. The relative potencies of mineral dusts in the induction of cell transformation in vitro is similar to their potencies in the induction of mesotheliomas in vivo. Thus, this cell transformation system provides a unique model for studying the mechanisms of mineral flber tumorigenesis. The chromosome damage induced by fibers was likewise fiber-length dependent (Table 6 ).
Asbestos induces aneuploidy in the treated cells, causing losses and gains of individual chromosomes. We have proposed a mechanism for this type of genetic change (23, 33, 41 (Fig. 4) . When the cells undergo mitosis, the physical presence of the fibers results in interference with chromosome segregation. Analysis of anaphases in chrysotile-exposed cells (42) reveals a large increase in the number of cells with anaphase abnormalities, including lagging chromosomes, bridges, and sticky chromosomes (Fig. 5) . Asbestos fibers are observed in the mitotic cells and appear, in some cases, to interact directly with the chromosomes. From these studies we propose that the physical interaction of asbestos fibers with the chromosomes or structural proteins of the spindle apparatus causes missegregation of chromosomes during mitosis, resulting in aneuploidy. These findings provide a mechanism, at the chromosomal level, by which asbestos and other mineral fibers might induce cell transformation and cancer (23, 33, 41, 42) . This hypothesis is supported by the finding of a nonrandom trisomy of chromosome 11 in asbestos-transformed Syrian hamster cells (43) .
Lechner et al. (29) (30) (31) have shown that asbestos fibers alter the growth properties of normal human mesothelial cells, and this is associated with chromosomal changes in the treated cells. Paterour et al. (35, 36) have also shown asbestos-induced transformation and chromosomal changes in rat mesothelial cells in culture. Thus, it appears that asbestos fibers can alter the growth properties of fibroblast and mesothelial cells in culture, resulting in neoplastic transformation of the cells. Asbestos fibers also induce chromosomal changes in the treated cells, and a chromosomal mutation is a likely mechanism for asbestosinduced cell transformation.
In each of the systems described, asbestos-induced neoplastic transformation is a multistep process. Asbestos treatment of the cells heritably alters their growth properties; these altered cells are preneoplastic and must undergo additional changes before they acquire neoplastic potential (32) . This process has been studied in detail in our laboratory for asbestos and other carcinogeninduced neoplastic progression of Syrian hamster cells (44) .
One pathway of neoplastic transformation is depicted in Figure 6 . The earliest observable carcinogen-induced change is the morphological transformation shown in Figure mediate or preneoplastic (45, 46) . Our studies indicate that following carcinogen treatment, neoplastic progression of these cells requires at least three heritable changes: induction of immortality, activation of a transforming oncogene, and inactivation of a tumor suppressor gene (45, 46) . The multistep nature of neoplastic transformation with chemical carcinogens is consistent with the findings that two cooperating oncogenes (e.g., ras plus myc) are required for neoplastic conversion of primary rat cells and with the hypothesis that these two oncogenes influence immortality and neoplastic conversion, respectively (46) . In fact, analysis of asbestos-induced Syrian hamster tumor cell lines show that activated H-ras oncogenes are present in approximately 50% of the tumor-derived cell lines while the nontumorigenic immortalized cell lines lack the activated Hras oncogene (47) . Asbestos induces the first steps in the neoplastic process of these cells, i.e., morphological transformation and immortalization, and the H-ras gene mutation may occur many months later when the cells acquire tumorigenicity. Therefore, the H-ras gene mutation is not a direct result of the asbestos treatment, but it arises as a secondary, spontaneous change in the asbestosinduced preneoplastic cells. The ras genes are activated by point mutations and convert immortal preneoplastic cells to the tumorigenic state (46) . Asbestos fibers fail to transform other preneoplastic cell lines, such as C3HM10T cells (48) , and this is consistent with the inability of the fibers to induce gene mutations. Asbestos fibers do induce early steps of transformation (i.e., immortalization) of normal, diploid cells, which result in aneuploid cell lines. This is consistent with the ability of fibers to induce chromosomal mutations including aneuploidy (23, 26) . In addition to activation of oncogenes such as ras and myc, there is evidence that a second class of genes is involved in the neoplastic transformation process. There is increasing evidence for the significance of tumor suppressor genes, also termed anti-oncogenes or recessive oncogenes. Tumor suppressor genes are normal cellular genes that act as negative regulators of tumor cell proliferation in vivo and must be lost or inactivated in neoplastic cells. In contrast protooncogenes are normal cellular genes that are activated by mutations to become oncogenes that act as positive proliferative signals for neoplastic cells (Table 7) .
The importance of tumor suppressor genes is supported by several different lines of evidence (46, 49) (53, 54) . It is possible that loss of a tumor suppressor gene in this chromosome region is a critical step in the carcinogenic process. We have recently established a highly tumorigenic mesothelioma cell line (Lamb and Barrett, unpublished) , and attempts to suppress this tumor by introduction of a normal human chromosome 3 are in progress. 
Conclusion
Asbestos and other mineral fibers induce multiple types of cancers and are likely to act by multiple mechanisms. Although asbestos fibers do not induce gene mutations, they are active inducers of chromosomal changes, which may affect either activation of protooncogenes or inactivation of tumor suppressor genes. The identification in human mesothelioma of activated transforming genes and the loss of a region on the short arm of chromosome 3 are indicative that protooncogenes and tumor suppressor genes are altered in these cancers, and it will be important in the future to understand the role of asbestos fibers in these alterations.
